SUMMARY
Profilin functions with formin in actin assembly, a process that regulates multiple aspects of plant development and immune responses. High-level eukaryotes contain multiple isoforms of profilin, formin, and actin, whose partner-specific interactions in actin assembly are not completely understood in plant development and defense responses. To examine the functionally distinct interactions between profilin and formin, we studied all five Arabidopsis profilins and their interactions with formin by using both in vitro biochemical and in vivo cell biology approaches. Unexpectedly, we found a previously undescribed negative regulatory function of AtPRF3 in AtFH1-mediated actin polymerization. The N-terminal 37 residues of AtPRF3 were identified to play a predominant role in inhibiting forminmediated actin nucleation via their high affinity for the formin polyproline region and their triggering of the oligomerization of AtPRF3. Both in vivo and in vitro mechanistic studies of AtPRF3 revealed a universal mechanism in which the weak interaction between profilin and formin positively regulates actin assembly by ensuring rapid recycling of profilin, whereas profilin oligomerization negatively regulates actin polymerization. Upon recognition of the pathogen-associated molecular pattern, the gene transcription and protein degradation of AtPRF3 are modulated for actin assembly during plant innate immunity. The prf3 Arabidopsis plants show higher sensitivity to the bacterial flagellum peptide in both the plant growth and ROS responses. These findings demonstrate a profilin-mediated actin assembly mechanism underlying the plant immune responses.
INTRODUCTION
Actin networks, including the actin-related protein (ARP) 2/3-generated actin meshwork and formin-nucleated actin bundle array, are dynamic and complex structures that regulate diverse cellular activities during plant morphogenesis and development [1] [2] [3] . The dynamics and organization of the actin cytoskeleton are governed by an extensive set of actin-binding proteins (ABPs) that function in competitive and cooperative manners. In plants, a key player in the early step of actin assembly is the small protein profilin (12) (13) (14) (15) , which binds to both formin and monomeric G-actin. Binding of monomeric actin by profilin inhibits spontaneous actin nucleation. However, profilin also directly interacts with the polyproline (polyP) motif of the formin FH1 domain, thus resulting in the feeding of the profilin-actin complex toward the growing barbed end, and the formin moves progressively along the barbed end as the actin filament elongates [4] . The binding and release of profilin from the actin and the formin FH1 domain are necessary for fast and sustainable cycles of using profilin-actin in formin-mediated nucleation and elongation [5] . Thus, an appropriate binding affinity and binding partnership between profilin, actin, and formin largely determine the efficiency of actin filament assembly.
In both nematodes and plants, distinct functional-interactions among the isovariants of actin and ABP have been suggested to influence actin cytoskeleton assembly and actin-related cell growth and development [6, 7] . Whereas budding yeast has only one profilin Pfy1, the higher eukaryotic systems, i.e., human and plants, have multiple isovariants for profilin, or other ABPs. Arabidopsis has five profilins, ten actins, and twenty-one formins [8] . Arabidopsis AtPRF1-3 are constitutively expressed in all tissues and organs, whereas AtPRF4 and AtPRF5 are reproductive profilins that are selectively expressed in pollens [9, 10] . However, it remains elusive whether and how a specific profilin/ actin/formin partnership is required to assemble actin arrays in Arabidopsis optimally and to meet different physiological or pathological needs. To understand formin-mediated actin assembly using profilin in Arabidopsis and to consider the practical constraints of this assembly, we compared all five Arabidopsis (H) Pyrene-actin assembly assay using 2 mM actin and 2 mM of each profilin isoform. Red, actin only; blue, AtPRF1; crimson, AtPRF2; magenta, AtPRF3; black, AtPRF4; green, AtPRF5; yellow, ScPfy1.
-------------------------------------MSWQSYVD D H L M C D V E ---G N H L T A -------------------------------------MSWQSYVD D H L M C E V E ---G N H L T H M P L P H T H S L V V S T L S L E H S D K PQ R R S R A K V K K K K K T NM SWQ T Y V D D H L M C D V A ---G N R L T A -------------------------------------MSWQT YVDEHLMCDVGDGQGHHL T A -------------------------------------MSWQAYVDEHLMCDVGDGQGHHL T A -------------------------------------MSWQAYT D -NL I GT -----GKVDKA -------------------------------------MSWQAYVDT SL LGT -----GK I DRA ------------------------------------MAGWNAY I D -NLMAD -----GT CQDA A -A I L GQ DG S VWAQ S A K --F PQ L K PQ E I DG I K K D F E E PG F L A P T G L F L GG E K YM V I QG EQ --A -A I F GQ DG S VWAQ S S A --F PQ L K P A E I AG I N K D F E E AG H L A P T G L F L GG E K YM V VQG E A --A -A I L GQ DG S VWAQ S N N --F PQ V K P E E I QG I K D D F T T PG T L A P T G L F L GG N K YM V I QG E P --A -A I VG H DG S VWAQ S A N --F PQ F KGQ E F S D I M K D F D E PG H L A P T G L F M AG A K YM V I QG E P --A -A I I G H DG S VWAQ S A N --F PQ F K PQ E I T D I M K D F D E PG H L A P T GM F L AG L K YM V I QG E P --V -I Y S R AG D A VWA T SGG --L S -L Q P N E I G E I VQG F D N P AG L Q S NG L H I QGQ K F M L L R A D D --A -I V S R AG D S VWA A S AG --F N -L S PQ E I QG L A AG F Q D P P SM F G T G I I L AGQ K Y I T I R A EG --A I VG Y K D S P S VWA A V PG K T F V N I T P A E VG V L VG --K D R S S F Y V NG L T L GGQ K C S V I R D S L L Q ----G
(legend continued on next page)
profilins in the context of one formin AtFH1, instead of the enormous possible combinations with the consideration of all formins. AtFH1 has highly conserved FH1 and FH2 domains, as do other typical formin proteins, and it shows efficient nucleation of the profilin-actin complex [11] . The five Arabidopsis profilin proteins each have a highly conserved sequence, except for a previously overlooked AtPRF3 that contains an extended N-terminal region with an additional 37 residues before the conserved region ( Figure 1A ). The biochemical activities and physiological functions of AtPRF3 have not been studied, which motivated our systematic comparison of all AtPRF proteins. In this work, we compared the function of all five AtPRF isoforms in partnership with AtFH1 and actin. We found AtPRF3 has notable biochemical features that differ from the other four AtPRFs, owing to an N-terminal extension, which was previously overlooked but is widely present in multiple species of eukaryotes. AtPRF3 showed a stronger binding affinity to the AtFH1 polyP region, which subsequently induces the oligomerization of AtPRF3. These results suggested that the paring of AtPRF3 with AtFH1 results in a slow release of AtPRF3 and thus a negative regulation of actin polymerization. Consequently, potent inhibition of formin-mediated actin nucleation by AtPRF3 was observed. Both in vitro biochemical experiments and in vivo living-cell studies demonstrated that the N-terminal 37 residues of AtPRF3 mediated these adverse effects. Overexpression of AtPRF3 profoundly inhibits the formation of actin network in Arabidopsis. Deletion of AtPRF3 results in a slight increase in F-actin density in physiological conditions, but a substantial increase in reactive oxygen species (ROS) production elicited by pathogenassociated molecular patterns (PAMPs). Using genetics and molecular pathological assays, we found that AtPRF3 plays specific roles in the growth-defense trade-off phenomenon as well the plant's defensive responses during pathogen-plant interactions.
RESULTS

Arabidopsis Profilin Isoforms Have Distinct Binding Affinities toward the polyP Motif of AtFH1
Arabidopsis contains five profilin isoforms that are highly conserved with respect to human and fungi profilins ( Figure 1A ). AtPRF3 has a long-N-terminal region, which is 37 residues longer than the conserved profilin core. Arabidopsis profilin isoforms express and function in a tissue-specific manner, in which AtPRF1-3 are expressed in vegetative tissues, and AtPRF4-5 are pollen specific [12] . We next asked whether having an extended N terminus is common among all eukaryotic profilin; we performed a genome-wide sequence analysis to compare all profilin homologs. Interestingly, we found that this N-terminal extension of AtPRF3 is universally present in a wide range of the plant, animal, and fungi species, although there is little sequence conservation per se ( Figure S1A ; Table S1 ). To understand the reason for having three potentially functionally redundant profilins in a vegetative tissue, we first performed real-time qRT-PCR to compare the mRNA expression of AtPRF1, AtPRF2, and AtPRF3. AtPRF3 had a significantly lower expression level ($163) than AtPRF1 and AtPRF2 in Arabidopsis (Figure 1B) , although they are all vegetative profilins.
Next, we asked whether the AtPRF3 performs distinct or redundant functional-interactions with formins and actins for actin polymerization. We performed protein biochemical experiments for all five Arabidopsis profilin isoforms. To express and purify all five Arabidopsis profilins, we first made the expression constructs by using available full-length cDNA clones (see STAR Methods). Owing to the additional 37 residues at the N terminus, AtPRF3 showed significantly slower migration than other profilin isoforms ( Figure 1C ). Profilins are known to interact with the polyP rich-region of formin FH1, which elongates the actin filament through the addition of a cycle of monomeric actin to the filament barbed end and release of profilin from formin [13] . To compare the affinity of all AtPRF isoforms for Arabidopsis formin, we performed a label-free microscale thermophoresis (MST) assay using AtFH1 polyP (RVPPPPPPPPPLP) [14] . PolyP binding alters the thermophoretic properties of the profilins, which can be detected by the intrinsic tryptophan fluorescence of profilin in MST. Each profilin isoform (20 mM) was incubated with polyP at a concentration gradient of 488 nM to 1 mM. The MST results demonstrate that AtPRF1, AtPRF2, AtPRF4, and AtPRF5 have a similar binding affinity toward AtFH1 polyP in a range of 75-105 mM, K D for AtPRF1 = 79.6 ± 9.34 mM, K D for AtPRF2 = 74.9 ± 4.3 mM, K D for AtPRF4 = 103.7 ± 8.4 mM, and K D for AtPRF5 = 84.6 ± 13.1 mM ( Figures 1D-1G and S1B-S1G). However, we found that the dissociation constant between polyP and AtPRF3, K D = 29.6 ± 5.74 mM, was significantly lower than that of other profilins, thus indicating a much stronger binding to AtFH1 polyP ( Figure 1G ).
AtPRF3 but Not Other Arabidopsis Profilin Isoforms
Negatively Regulates AtFH1-Mediated Actin Polymerization The intrinsically disordered nature of the formin FH1 domain creates conformational flexibility in binding and then transfers the profilin-actin to the filament barbed end, which is a rate-limiting step in actin polymerization [15] . Association and disassociation of the subunits of the FH1-profilin-actin complex play dominant roles in such elongation cycles [16] . Here, we sought to determine whether affinity differences between AtPRF isoforms and AtFH1 differentially regulate actin polymerization. We first examined the effects on spontaneous actin polymerization by using each profilin isoform. For practical reasons, we used readily available rabbit muscle actin to characterize our AtPRF isoforms (legend continued on next page) rather than Arabidopsis actin. Profilin inhibits spontaneous polymerization of actin filament by preventing pointed-end elongation and nucleation in a dose-dependent manner (Figures S2A-S2E) [13, 17, 18] . In the presence of Mg-ATP-actin monomers, 2 mM AtPRF3 showed a stronger inhibitory effect than the other four AtPRF isoforms on spontaneous actin polymerization ( Figure 1H ). We next tested the functions in actin nucleation and filament elongation of AtPRF in the cooperation with Arabidopsis formin. FH1-FH2-COOH of Arabidopsis formin 1 (430-999 aa), AtFH1-CT, was expressed and purified as a GST-fusion protein in E. coli. AtFH1-CT showed a dose-dependent activity in nucleating actin filaments ( Figure S2F ) [19] . A low concentration of profilin has been known to facilitate the formin function by increasing the elongation rate [20] . In the presence of each AtPRF isoform at a concentration of 1 mM, stimulatory effects were observed for AtFH1-CT-mediated actin assembly using AtPRF1, 2, 4, and 5 ( Figures S2G-S2J ). Strikingly, the addition of AtPRF3 to AtFH1-CT resulted in a substantial inhibition of actin polymerization, rather than a promoting effect, even at a lower concentration of 0.5 mM ( Figure S2K ). To test the actin assembly efficiency using formin and AtPRF isoforms, each of the Arabidopsis profilins (2 mM) was incubated with 100 nM AtFH1-CT in a pyrene-actin polymerization assay. We found that AtPRF3, but not the other AtPRF isoforms, largely abolished the actin polymerization in the reaction with AtFH1-CT ( Figure 1I ). Because the bulk pyrene-actin assembly assay does not distinguish elongation and nucleation during actin polymerization, we next used fluorescence microscopy to directly examine the assembly of actin filaments by AtPRF3 and AtFH1-CT. AtPRF3 showed certain inhibitory effects on spontaneous actin polymerization. Additionally, the combination of AtPRF3 and AtFH1-CT dramatically inhibited actin nucleation from AtFH1, by decreasing the number of filaments ( Figures 1J-1L ).
N Terminus of AtPRF3 Determines Its Low Protein Thermostability, High Affinity for PolyP, and Inhibition of AtFH1-Mediated Actin Assembly
To understand the function of the N-terminal extended 37 amino acids of AtPRF3, we analyzed the biochemical and structural properties of the AtPRF3 N terminus (see STAR Methods). We found that the 37 amino acids of the N terminus were composed of a highly intrinsically disordered region (IDR) enriched in hydrophobic residues (L3, L9, V10, V11, L14, and L16; 22 residues; MPLPHTHSLVVSTLSLEHSDKP) and a highly positively charged potential alpha helix (QRRSRAKVKKKKKTN) (Figure 2A ). In general, IDR has the properties of mobile flexibility and structural instability. To dissect the functions of each domain in the N-terminal's 37 residues, we expressed and purified recombinant AtPRF3 and truncated versions lacking the N-terminal 22 (AtPRF3DN22) and 37 (AtPRF3DN37) residues ( Figure 2B ). We first examined the stability of AtPRF3 isoform variants by using the protein thermal shift assay, a sensitive and rapid tool for monitoring protein thermostability by using a fluorescent protein-binding dye. In agreement with the predicted low complexity feature of the N-terminal region, full-length AtPRF3 showed the lowest melting temperature (Tm) among all three proteins (AtPRF3DN37 > AtPRF3DN22 > AtPRF3), thus indicating the lowest thermostability ( Figure 2C ). A decrease in protein flexibility is usually associated with an increase in thermostability [21] . The profilin N-terminal region contains the interaction pockets with the formin FH1 domain, as determined by co-crystallization studies of formin polyP peptide and profilin [22, 23] .
To test whether the interaction with the formin protein might influence the protein stability of all three AtPRF3-truncating variants, we performed a thermal shift assay using 10 mM AtPRF3 proteins in the presence of a serial concentration of AtFH1 polyP (RVPPPPPPPPPLP) (10, 20, 50 , and 100 mM). We found an increase in protein stability for both AtPRF3 and AtPRF3DN22 with a gradual increase in polyP peptide concentration, except for the AtPRF3DN37 ( Figure 2D ), thus suggesting that polyP-binding has a stabilization effect toward AtPRF3 and AtPRF3DN22. We further determined the AtFH1 polyP binding affinity for AtPRF3, AtPRF3DN22, and AtPRF3DN37. As a result, AtPRF3DN37 showed the lowest K D (175.6 ± 3.78 mM) compared with AtPRF3DN22 (70.0 ± 6.31 mM) and AtPRF3 (36.9 ± 17.07 mM) ( Figure 2E ). To test whether the N-terminal residues are responsible for the inhibitory function of AtPRF3 in the presence of formin and actin, we used the pyrene-actin assay to assess actin polymerization. Interestingly, we found that AtPRF3 negatively regulates formin-mediated actin polymerization in a length-dependent manner (Figures 2F, S2L, and S2M). Whereas AtPRF3DN22-actin still showed adverse effects on AtFH1-mediated nucleation at a moderate level, AtPRF3DN37-actin did not negatively regulate AtFH1-mediated actin polymerization ( Figure 2F ). To test the functionality of the residues between P22 and N37, we created a truncated variant of AtPRF3, AtPRF3D [22] [23] [24] [25] [26] [27] , that lacked the predicted helix region. AtPRF3D (legend continued on next page) [22] [23] [24] [25] [26] [27] showed a strong binding affinity to polyP at a K D of 44.85 ± 9.00 mM, as well as an inhibitory effect on AtFH1-mediated actin assembly ( Figures S2N-S2P and S3N ). To further test whether the N37 residues-introduced adverse effect is specific to AtPRF3, we generated a chimeric protein fusion AtPRF3N-AtPRF1 that contained the N37 residues of AtPRF3 and the full-length AtPRF1. AtPRF3N-AtPRF1 also demonstrated a strong affinity to AtFH1 polyP (K D = 28.03 ± 2.6 mM) and negative regulation in AtFH1-mediated actin polymerization ( Figures  S2Q-S2S ). In addition, we also tested whether an N-extension of a mammalian profilin homolog would have a similar function as the N-terminal residues of AtPRF3. We constructed a fusion protein, AtPRF3Nswap, in which the AtPRF3DN37 was N-terminal-fused to the Papio_anubis profilin N terminus (MPGPEGTNRWWYEGCCTASGARVWTAARAPSSPPPPPAARQ QRQPKPSPRPQQQRH). Similar to the full-length AtPRF3, AtPRF3Nswap also demonstrated strong binding to AtFH1 polyP (K D = 25.96 ± 2.93 mM, Figure S3A ), and negative regulation in AtFH1-mediated actin assembly ( Figures S3B, S3C , and S3N).
polyP Binding Induces the Oligomerization of AtPRF3 through Its N-terminal Hydrophobic Residues
Hydrophobic residues have been indicated to contribute to protein oligomerization [24, 25] . Therefore, we tested whether AtPRF3 N-terminal hydrophobic residues trigger the monomer to oligomer transition in the presence or absence of polyP. In the absence of polyP peptides, there was only a single peak in monomer size across all three tested AtPRF3 variants ( Figures  2G-2J and S3D ). However, in the presence of polyP in a range from 50 to 250 mM, AtPRF3, but not DN22 or DN37, exhibited an additional peak containing oligomeric species, which reached the highest signal intensity ($30% of total population) after the addition of polyP at a concentration R100 mM (Figures 2H-2J ). We next tested whether polyP-binding enhanced AtPRF3 oligomerization could be suppressed by arginine, which has been widely used to aid in protein refolding and to prevent the formation of protein aggregates [26, 27] . We found that co-incubation with L-arginine largely decreased the area size of the polyPinduced oligomer peak in AtPRF3 ( Figure 2K ). To directly visualize the oligomerization states of AtPRF3 variants in the presence of polyP peptides, we fixed the protein status by using the thiol-specific cross-linker MTS-2-MTS ( Figure S3E ) and then performed SDS-PAGE analysis and silver staining. A defined ladder of profilin species representing different oligomeric states was revealed with or without polyP ( Figure 2L ). Sensitive silver staining allowed us to visualize the weak oligomerization states of both AtPRF3 and AtPRF3DN22 even in the absence of polyP, which unfortunately could not be resolved by gel filtration chromatography. In contrast, additional polyP clearly enhanced the higher oligomers populations of AtPRF3, but not AtPRF3DN22 or AtPRF3DN37 ( Figure 2L ). Furthermore, the other four AtPRF proteins did not show such polyP induced high oligomerization ( Figure S3F ).
To further identify the residue dependence of such polyP induced oligomerization, we generated an AtPRF3 mutant with all hydrophobic residues (L3, L9, V10, V11, L14, and L16) replaced by alanine, AtPRF3(A). In the presence of 100 mM polyP peptide, no higher-order oligomer peak appeared on either the calibrated gel filtration column or cross link-coupled silverstained gel ( Figures S3G and S3H ), thus suggesting a hydrophobic residue-dependent oligomerization of AtPRF3.
Computational Simulation of the Molecular Interactions between AtPRF3 and AtFH1 polyP Region
We next sought to understand how the N-terminal 37 residues regulate the interaction between AtPRF3 and AtFH1 polyP. We performed a computational simulation to decipher the dynamic interactions between AtFH1 polyP and AtPRF3. The simulation did not include N-terminal IDR, which lacks a reference structure and is structurally unpredictable. First, SwissModel was used to generate an initial structural model of AtPRF3DN37, which identified the AtPRF1 (PDB: 1A0K) as the highest scoring homolog [23, 28] . Second, we generated a polyP and AtPRF3DN37 complex model using the mouse profilin IIa-polyP complex structures 2V8C and 2V8F [23] . The 2V8C and 2V8F complex models suggest two possible polyP docking pockets on AtPRF3DN37, indicated as DN37-L and DN37-U, respectively ( Figure 3A) . Because polyP is known to interact with profilin in either an ''N-to-C'' or a ''C-to-N'' opposite orientation [29] , we generated a total of four possible AtPRF3DN37-polyP models. The stability of the polyP-AtPRF3DN37 complex was examined by root-mean-square deviation (RMSD) analysis with three molecular dynamic (MD) simulations for each model (Figures S3I-S3L ). Using the largest cluster of AtPRF3DN37-polyP conformations from the RMSD simulations ( Figures 3B-3E) , we generated the residue-residue contact maps to visualize the binding interface ( Figures 3F-3I) . We found that chargecharge interactions (AtPRF3DN37 D51-polyP R1), as well as proline-and aromatic-ring interactions (W40, Y43, and Y162) are critical for complex stability (Figures 3F-3J ). To perform a functional validation of the simulation result, we generated a point mutant of AtPRF3, AtPRF3(Y162S). By MST analysis, AtPRF3(Y162S) showed very low affinity toward AtFH1 polyP (K D = 641.67 ± 162.5 mM; Figure 3K ). In the presence of 100 nM of AtFH1, 2 mM AtPRF3Y162S did not exhibit an apparent inhibition of actin polymerization ( Figures 3L, S3M,  and S3N ). In addition, we performed molecular mechanics PoissonBoltzmann surface area (MM/PBSA) free energy analysis by using both polyP docking positions to test the polyP-AtPRF3DN37 interaction. A stronger binding affinity for the C-to-N oriented polyP rather than the N-to-C (Table S2) was observed. However, it worth to note that all four tested complex models showed favorable interactions that were indicated by the profoundly negative binding energy (E binding , Figures 3B-3I) , thus suggesting the potential dynamic interactions between AtPRF3 and AtFH1. [9, [30] [31] [32] [33] [34] [35] . How do profilin/formin/actin complexes, as the key actin assembly module, regulate polarized cell growth and innate immunity during plant defensive responses, particularly with AtPRF3, remains elusive.
AtPRF3 Is Highly Involved in
We examined Arabidopsis growth in wild-type (WT) and profilin mutants supplemented with bacterial flagellin peptide flg22 (QRLSTGSRINSAKDDAAGLQIA), which is recognized by a leucine-rich repeat receptor-like kinase FLS2 and trigger immune responses, which in turn causes an increase in actin filament density but a shortened plant [34, 36] . Arabidopsis WT and the profilin mutants, prf1-2, prf1-4, and prf3 [37, 38] , were grown on 1/2 Murashige and Skoog (MS) medium agar plates and treated with flg22 at a concentration of 1 mM, or left untreated, for 7 days. The primary root length was measured and compared among all Arabidopsis seedlings ( Figures 4A and  4B ). Both the WT and two prf1 mutant lines showed a similar root length decrease by 22.2% ± 9.5%, 21.2% ± 5.9%, and 21.3% ± 10.6%, respectively, in response to flg22 ( Figures 4C  and 4D) . However, the prf3 mutants showed slightly longer root lengths than did WT in the absence of flg22 but were shorter in the presence of 1 mM flg22, thus resulting in a 59.67% ± 7.68% total decrease in root growth after flg22 treatment ( Figures 4C  and 4D) . Consistently, the EF-Tu-related bacteria elicitor elf26 [39] induced a similar growth retardation when incubated with WT and prf3 at a concentration of 10 mM ( Figure S4A ). Despite the fact that elf26 exhibited a weaker potency than flg22, elf26 still caused $2.5-fold greater root growth reduction in prf3 mutants than in WT plants ( Figures S4B and S4C) .
Such differential sensing of flg22 by profilin mutants motivated us to understand how flg22 elicitation would regulate the mRNA and protein changes in WT plants. Real-time RT-PCR was performed to determine the AtPRF3 and AtPRF1 mRNA in WT seedling with or without flg22 treatment. Interestingly, we found AtPRF3 mRNA showed an evident $2-fold decrease in response to flg22 elicitation, whereas AtPRF1 and AtPRF2 showed $1.3-and 1.2-fold increase ( Figure 4E ). To determine in vivo regulation of the AtPRF3 protein, we generated AtPRF3-specific antibodies against the synthetic peptide of the N-terminal 37 residues (MPLPHTHSLVVSTLSLEHSDKPQRRSRAKVKKKKKTN). AntiAtPRF3 recognizes specifically the purified AtPRF3 protein but not any other AtPRF isoforms, HsPRF1, or ScPfy1 ( Figure 4F ). Anti-AtPRF3 also explicitly recognized AtPRF3 in WT Arabidopsis in vivo, whereas no signal was detectable in the prf3 mutant ( Figure 4G ). In agreement with the in vitro oligomerization feature of AtPRF3, we also observed in vivo AtPRF3 oligomerization in the Arabidopsis cell lysate supplemented with the cross-linker MTS-2-MTS ( Figure S4E ). We next examined AtPRF3 in the WT seedling at different time points after flg22 peptide elicitation. AtPRF3 protein showed an apparent decrease with 3-hr treatment of flagellin peptide, which subsequently recovered after 6 hr ( Figure 4H ). To further determine the reasons for such protein oscillation in response to flagellin sensing, we applied flg22 together with either the proteasome inhibitor MG132 or protein synthesis inhibitor cycloheximide. We found MG132 at a concentration of 100 mM strongly inhibited AtPRF3 degradation ( Figure 4I ), whereas 100 mM cycloheximide completely abolished AtPRF3 recovery ( Figure 4J ). We next tested a flg22-triggered early immune response, the oxidative burst. Interestingly, compared to WT leaves, which generates robust ROS burst, prf3 leaves showed significantly more ROS production after flg22 treatment but not the leaves of either prf1-2 or prf1-4 ( Figure 4K ). Consistently, elf26 at a concentration of 10 mM triggered a similar high ROS burst in prf3 ( Figure S4D ). Disruption of the actin cytoskeleton with LatB also increased thee flg22-induced ROS burst in WT plants and more significantly enhanced ROS production in prf3 ( Figure 4L ). To validate the AtPRF3 function in Arabidopsis ROS production in response to PAMP, we complemented the prf3 mutant Arabidopsis with the AtPRF3 gene under the control of the CaMV 35S promoter. Three representative individual transgenic lines showed the recovery of AtPRF3 protein expression and flg22-triggered ROS production at a similar level to that in WT plants ( Figures 4M and 4N) , supporting the critical role of AtPRF3 in pattern-triggered immunity (PTI). To further examine the function of AtPRF3 in actin assembly in vivo, we introduced the fluorescent actin marker LifeactVenus into the prf3 mutant Arabidopsis. We examined cortical Figure S4 and Tables S3 and S4. actin cytoskeleton assembly in prf3 via 2D Structural Illumination Microscopy (2D-SIM). We found the prf3 showed higher actin filament density but not actin bundling than WT (Figures 4O-4Q ), supporting the negative regulatory role of AtPRF3 in actin assembly in vivo. Upon flg22 elicitation, both WT and prf3 showed an increase in actin filament density but not bundling (Figures 4O-4Q ), indicating that AtPRF3 is not the sole determinant factor in modulating F-actin density during PTI.
We next tested the functions of AtPRF3 in plant defensive responses by using Pseudomonas syringae infection in Arabidopsis in a flood-inoculation assay [40] . Arabidopsis was floodinoculated with 5 3 10 6 colony-forming units (CFUs/mL) of Pseudomonas syringae pv. tomato DC30000 (Pst DC3000).
Typical Arabidopsis chlorosis and water-soaked lesions were observed starting from 2 dpi, in which the prf3 mutant showed slightly more sensitivity than did WT ( Figure S4F ). Additionally, the virulence of Pst DC3000 was also investigated by measuring bacterial growth in different Arabidopsis strains. The Pst DC3000 in the prf3 mutant, compared with that in WT Arabidopsis, multiplied approximately 100-fold at each measured time point, but we observed decreased growth in prf1 mutants ( Figure S4G ).
To examine the functional role of AtPRF3 in both PTI and effector-triggered immunity (ETI), we also inoculated both WT and prf3 plants with the Pst DC3000 hrcC mutant, a strain defective in the type III secretion system (T3SS), which triggers only PTI [41] . We found that the higher sensitivity to bacterial infection and bacteria propagation in prf3 was abolished by inoculation with the hrcC mutant ( Figures S4H and S4I ), suggesting additional functions of AtPRF3 in ETI pathways. We next examined the cortical actin assay in epidermal cells of WT and prf3 at 6 and 24 hr post inoculation (hpi) with DC3000 WT and the hrcC mutant [34] , respectively. In both WT and prf3 Arabidopsis, actin abundance was increased at 6 hpi and actin bundling was induced at 24 hpi, respectively ( Figures S4J and S4K ). In contrast, hrcC mutant infection only induced an increase in actin density in WT and prf3 at 6 hpi but did not affect filament bundling at 24 hpi ( Figures S4L and S4M) , indicating a loss of actin remodeling in ETI.
Increase in AtPRF3 Disrupts Actin Cytoskeleton Assembly in Arabidopsis
To examine the negative regulatory function of AtPRF3 in vivo, we generated AtPRF3-overexpressed Arabidopsis (AtPRF3-OE) under a 35S promoter in the Lifeact-Venus background (Figure 5A ). Similar to endogenous AtPRF3 shown in Figure 4 , overexpressed AtPRF3 protein retained the sensitivity to flg22 elicitation with a protein decrease in 3 hr and a recovery after 6 hr ( Figure 5B ). Similar to flg22 treatment in WT, flg22 treatment still triggered fast ROS production in AtPRF3-OE, though with a slightly higher signal ( Figure 5C ). In contrast to prf3, AtPRF3-OE showed a slight reduction in growth rate compared to WT but less sensitivity to flagellum elicitation with 1 mM flg22 ( Figures  5D-5F ). The cortical actin array in AtPRF3-OE was examined via variable-angle total internal reflection fluorescence microscopy (VA-TIRFM). AtPRF3-OE showed striking actin-enriched puncta signals without long detectable filaments ( Figures 5I  and S5A-S5C) . However, the disrupted actin filament assembly did not generate a substantial dwarf phenotype [42] . We also examined the Lifeact-Venus signal in different tissue types and different development stages of AtPRF3-OE Arabidopsis. All examined seedlings produced a similar punctate actin pattern ( Figures S5A-S5C ). To further validate the adverse effect of AtPRF3-OE in vivo, we assessed the transgenic complementation lines in which the AtPRF3 protein was expressed at slightly different levels in the background of prf3 expressing LifeactVenus. We found a high correlation between the expression level of AtPRF3 and the disruption of filamentous structures. The seedlings expressed relatively less AtPRF3 and partially retained the filamentous actin signals in epidermal cells ( Figure S5D) . We next applied flg22 treatment to test the PTI responses of AtPRF3-OE Arabidopsis. A typical increase in actin filament density was observed in WT ( Figures 5G and 5H ) [34] , whereas punctate dots remained in AtPRF3-OE with a slight increase in the population of high-intensity dots ( Figures 5I and 5J ). In addition, we next investigated the pathogen resistance of AtPRF3-OE by performing bacterial infection using Pst DC3000 WT or the hrcC mutant. In both WT and AtPRF3-OE, no noticeable change was observed in either disease resistance or microbial growth (Figures S5E-S5H ).
DISCUSSION
Arp2/3-SCAR/WAVE and formin-profilin-actin complexes are primary factors in nucleating actin filament assembly in plants and are involved in multiple biological processes, including cell morphogenesis, polarized growth, cell division, and defense mechanisms during pathogen-plant interactions [1, 34, [43] [44] [45] .
Here, we report the first systematic study of the functions of all five AtPRF isoforms in actin assembly in the context of formin, both in vitro and in vivo. The intrinsically disordered nature of formin FH1 domain usually associates with the transient and weak protein-protein interactions, which are critical for profilin-mediated formin function in maintaining dynamic actin assembly. Profilin increases formin-mediated barbed-end elongation rate more than $5-fold, depending on the pair of different formins and profilins [18] . Such efficient actin filament elongation requires a rapid disassociation of profilin from formin before the next rounds of assembly. Our mechanistic studies of AtPRF isoforms suggested that optimal pairing between profilin and formin FH1 is essential in regulating actin assembly, in which a tight association of profilin to formin would negatively regulate formin-mediated actin nucleation. N-terminal extension of profilin isoforms could result in two primary protein features: a high affinity to formin and an inducible oligomerization by the polyP region of formin, which functionally inhibits formin-mediated actin assembly ( Figure 2M ). prf3 mutant Arabidopsis demonstrated a noticeable increase in actin filament density in vivo compared to WT plants.
The N-terminal extension in profilin was found to be a previously overlooked feature of profilin in eukaryotes. Similar to full-length AtPRF3, a chimeric fusion containing the N-terminal extension of olive baboon (Papio anubis) profilin and AtPRF3DN37 also resulted in a high affinity to the formin polyP and therefore introduced inhibition in formin-mediated actin assembly. Similar adverse regulations of the profilin-formin-actin complex have also been reported previously. The formin processivity during actin nucleation was abolished upon inhibition of profilin release from actin [5] . Consistently, a profilin isoform with a lower binding affinity to polyP was shown to support faster actin elongation Figure S5 and Tables S3  and S4. than a higher affinity profilin isoform [6] . In addition, polyPinduced AtPRF3 oligomerization, which restrains the otherwise flexible nucleation apparatus FH1-FH2 during the formin-profilin interaction ( Figure 2M ). Similar protein oligomerizations induced negative regulation of actin assembly by formin-profilin-actin modules have also been described in other species. Dimerization of budding yeast Hof1 may restrain the formin Bnr1 function and thus inhibits actin nucleation and elongation [46] . The crosslinking of mammalian actin by pathogenic toxin poisons forminmediated actin elongation, in which the inhibition of actin polymerization is most pronounced in the presence of all three interaction units, actin, profilin, and formin [47] . Such fine-tuning of formin-mediated actin assembly by modulating protein affinity and protein oligomerization of formin, profilin, or actin might play critical roles in balancing actin polymerization in host-pathogen communication. Notably, the pathogenic consequences of profilin oligomerization have also been reported in mammals, in allergic responses and human neurodegenerative disease [48, 49] . Multimerization of plant profilin causes severe food allergies, owing to a significant increase in immunoglobulin E (IgE) reactivity [48] , whereas high-order aggregates of human HsPRF1 mutants are highly linked to familial amyotrophic lateral sclerosis [49] . Opposite functions of AtPRF3 and other AtPRF isoforms are very likely to provide plastic regulation of actin assembly in specific biological processes, such as plant defense responses. AtPRF3 is regulated in a feedback fashion by PAMP-triggered plant immune response, which modulates both the mRNA level and protein level of AtPRF3. The deletion of AtPRF3 also showed a higher sensitivity to flg22 elicitation than WT in plant growth and ROS production, which is in similar to previously reported capping protein mutant [50] . In addition, our pathogenicity and genetics results suggested that AtPRF3 function in regulating actin polymerization, and thus plant growth is one of the underlying mechanisms of the early innate immunity and the ''growth-defense tradeoff'' [35, 51] . More questions remain unanswered, such as the regulations of the conformational flexibility of N-extension and thus protein degradation of AtPRF3 in both PTI and ETI, which are worthy of future studies.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Yansong Miao (YANSONGM@ntu.edu.sg).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Arabidopsis thaliana
The Columbia (Col-0) ecotype WT, Lifeact-Venus line [54] with or without AtPRF3 overexpression, as well as prf1-2, prf1-4 and prf3 mutant line were used in this study. All the T-DNA insertion mutant lines are in Col-0 ecotype. The T-DNA insertional mutants were obtained from The Arabidopsis Information Resource (http://www.arabidopsis.org) with the locus names prf1-2 (SALK_057718C), prf1-4 (GK_614F01), and prf3 (GK-055A02). Arabidopsis thaliana WT and mutants seeds were surface-sterilized using 15% bleach then plated onto 1/2 Murashige and Skoog (MS) medium supplemented with 0.8% sucrose, placed in the dark at 4 C for 2 d then transfer to the growth chamber. Plants were grown at 22 C under long day condition (16h light/8h dark cycles), unless otherwise stated. Homozygous mutant plants were identified by PCR using primers described in Table S3 . Phenotype analysis was described in the Method Details. Generation of transgenic lines and phenotype analysis were described in the Method Details.
Bacterial Strains
Pseudomonas syringae pv. tomato DC 3000 (Pst DC3000) WT and the hrcC mutant were grown in NYG media (3 g/L yeast extract, 5 g/L peptone, 20 g/L glycerol, pH 7.0) at 30 C and under agitation.
METHOD DETAILS
Generation of Transgenic Arabidopsis
To create transgenic overexpression Arabidopsis line, AtPRF3 CDS was constructed into a modified 2 3 35S pGreenII0229 vector. Obtained constructs were transformed into 35S::Lifeact-Venus line using the floral dip method [56] via Agrobacterium strain AGL2
(with pSoup plasmid) and screened by Phosphinothricin (Gold Biotech, USA) on the soil. Briefly, Agrobacterium AGL2 cells carrying the 2 3 35S::AtPRF3 plasmid were grown in LB medium overnight at 30 C. Cells were harvested by centrifugation at 4,000g for 10 min and then resuspended in 5% sucrose solution containing 0.02% Silwet L-77 (BioPLUS TM ). Arabidopsis inflorescences (around 4-6 weeks) were dipped into the Agrobacterium cell suspension for 30 s, and plants were grown horizontally overnight in the dark with high humidity. Finally, plants were returned to the normal growth condition. A second floral dip was applied one week after the first transformation. Seeds were collected and selected on MS agar plate to obtain Phosphinothricin-resistant Arabidopsis thaliana. To introduce Lifeact-Venus marker into prf3 Arabidopsis mutant, Lifeact-Venus was constructed into a pGWB2 binary vector under the control of the CaMV 35S promoter, which was subsequently transformed into GV3101::pMP90 A. tumefaciens strain. the prf3 mutant was transformed by Lifeact marker containing agrobacteria using floral dip method described above and selected by kanamycin on the 1/2 MS plate.
Generation of prf3 Complementation Arabidopsis
Genetic complementation of prf3 with AtPRF3 was performed by stably introducing a 35S:AtPRF3 expression cascade into prf3 mutant via a pGreenII0229 vector. Collected seeds were screened by Phosphinothricin and PCR to obtain homozygotes Arabidopsis lines.
Flg22 Peptide Treatment
Flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) was synthesized with > 95% purity by GL Biochem (China) and dissolved in water to a final concentration 5 mM. Arabidopsis seedlings were vertically grown on 1/2 MS agar media supplemented with 0.8% sucrose and 1 mM flg22 peptide for 7 days. Images were taken by an EPSON V600 Scanner and followed by the length measurement of root using Fiji software.
Protein Purification
Cloning of AtPRF-expression constructs was using the following plasmids as the PCR template: AtPRF1, DKLAT2G19760, GenBank: BT000264.1; AtPRF2, DKLAT4G29350, GenBank: AY114048.1; AtPRF3, DKLAT5G56600, GenBank: BT000885.1; AtPRF4, DKLAT4G29340, GenBank: BT024816.1; AtPRF5, DKLAT2G19770.1, GenBank: DQ653003.1. Profilin homolog was fused with N-terminal 8xHis tag in a modified version of pET-21d (+) pSY5 vector and expressed in E.coli BL21(DE3) cells under control of the P lac promoter [57] . GST-tagged-FH1-FH2-Cter of Arabidopsis FORMIN1 (AtFH1, At3g25500) were purified as described [11] . Cells were grown in 2 L of TB medium to an optical density of 1-2 at 600 nm, and expression was induced with 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 16 C. Cells were harvested after overnight induction, washed with 50 mL of 50 mM Tris, pH 7.4, resuspended in 20 mL of Buffer A (50 mM Tris, pH 7.4, 150 mM NaCl, 20mM Imidazole) and lysed with LM20 Microfluidizer (Microfluidics, USA). The clarified lysate was loaded onto a 5 mL HisTrap HP column connected to an FPLC AKTAxpress system (GE Healthcare). The column was washed with 50 mM Tris pH 7.4, 150 mM NaCl, 20 mM Imidazole (Buffer A) and eluted by 50 mM Tris pH 7.4, 150 mM NaCl, 500mM Imidazole (Buffer B). The proteins were further purified by gel filtration on a HiLoad 16/ 600 Superdex 75 pg column (GE Healthcare) equilibrated with 50 mM Tris pH 7.4, 150 mM NaCl (GF Buffer) and concentrated in centricon 10 kDa cut-off concentrators (Amicon Inc.) to $10 mg/mL. Protein concentrations were determined using the Gelcode blue staining reagent (Thermo Scientific) with BSA as a standard. For protein oligomerization test by size exclusion chromatography, the calibrated analytical gel filtration column Superdex200 10/30 GL was used Sequence Analysis Several online predictors were used for protein sequence analysis, including intrinsic disorder predictor DisEMBL (http://dis. embl.de/), PHYRE2 protein fold recognition server (http://www.sbg.bio.ic.ac.uk/$phyre/) and PSIPRED Protein Sequence Analysis Workbench (http://bioinf.cs.ucl.ac.uk/psipred/).
Pyrene-actin Assembly Assays
Rabbit skeletal muscle actin was purified from rabbit muscle acetone powder (Pel-Freez, USA) as described [58] . Briefly, lyophilized acetone powder was rehydrated and grinded in G-buffer (5 mM Tris-HCl, pH 8, 0.2 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT, 0.1 mM azide), and then cleared by centrifugation at 15,000 rpm in the JA25.50 rotor (Beckman Coulter, Inc., USA). Solubilized actin in the supernatant was collected and polymerized by adding 50 mM KCl and 2 mM MgCl 2 for 1 hour followed by addition of 0.8 M KCl for 30 minutes at 4 C. F-actin was pelleted by centrifugation at 35,000 rpm using Ti50.2 rotor (Beckman Coulter, Inc., USA) and then deploymerized by brief sonication and dialysis against G-buffer for 48 hour at 4 C. Monomeric Ca 2+ -ATP-actin was cleaned by centrifugation at 40,000 rpm for 2.5 hours using Ti55 rotor (Beckman Coulter, Inc., USA). The supernatant was collected and loaded to Sephacryl S-300 HR for gel filtration chromatography using G-buffer (5 mM Tris-HCl, pH 8, 0.2 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT, 0.1 mM azide) to obtain monomeric Ca 2+ -ATP-actin. Pyrene-labeled actin was purchased from Cytoskeleton Inc. 2 mM of monomeric actin were mixed with 3% pyrene-labeled actin in the actin polymerization reactions. Pyrene fluorescence was monitored in a fluorescence spectrophotometer Synergy H4 (BioTek, USA; Ex 365nm, Em 407nm) or Spark 10M (TECAN, Switzerland; Ex 360nm, Em 420nm). Graphs were plotted by Origin software (Originlab Corporation, USA).
Saccharomyces cerevisiae ScPfy1 (accession code: NP_014765), were used as query sequence to identify the extended profilin. In results, 1385, 1038, 904 and 526 hits from Blast were identified from query sequences, respectively. We then built an in-house program to filter the results. Sequences with N-terminal region extending past the normal start codon (ATG) for more than three amino acids were kept. Second, protein hits, which are conserved with query profiling in a length of more than 80aa were kept as a threshold to eliminate dissimilar proteins. The sequences must contain a stop codon at the end. Then the individual sequence was checked manually to rule out the redundant sequences. The protein sequences of profilin homologs with the extended N-terminal region are listed in Table S1 . The sequence alignment was performed by Clustal Omega and the phylogenetic tree was generated by the interactive tree of life (iTOL) online server (http://itol.embl.de/).
Simulation and Modeling
The homology model of profilin was created by SWISS-MODEL using the PDB structure 1A0K as a template [28, 60] . The AtFH1 polyP was built using PyMOL as an extended chain with the sequence of ''RVPPPPPPPPPLP'' as per experiment [61] . To verify the quality of the built protein homology model, 100 ns molecular dynamics simulation with explicit water was performed. The root-mean-square deviation (RMSD) fluctuation was found less than 0.15 nm, justifying the use of the homology model in the subsequent simulations.
Based on the crystal structure of mouse profilin-polyP complex 2V8F [23] , there are two binding grooves in profilin for polyP, in which the polyP may align either parallel (DN37-L) or perpendicular (DN37-U) to the axis of N-or C-terminal helices of profilin. Both binding poses are illustrated as in Figure 3A . The initial binding pose of AtFH1 polyP was set up by aligning the homology model to the profilin in 2V8F first, subsequently aligning the AtFH1 polyP to the polyP portion of the 2V8F complex using PyMOL. It has also been suggested that polyP may bind to profilin in two distinct orientations [29] . Therefore, we have also carried out simulations by a reverse alignment of built AtFH1 polyP from C-to N-termini to the crystal structure's polyP. The binding orientation is essential for our polyP due to the positively charged arginine (R) residue. This reverse alignment will be referred to as CN alignment (i.e., DN37-L:CN and DN37-U:CN) in the following discussion, while the normal alignment is referred as NC alignment (i.e., DN37-L:NC and DN37-U:NC).
Molecular dynamics simulations were done with GROMACS 5.1.2 [62, 63] . All simulation systems were equilibrated in canonical (NVT) ensemble and isothermal-isobaric (NPT) ensemble before production run of 100 ns. CHARMM36 forcefield was used [64] . Particle Mesh Ewald method was employed for long-range electrostatic calculation [65] . Short range van der Waals and electrostatic cutoff were set to 1.2 nm. LINCS algorithm was used to constrain bonds involving hydrogens to allow integration time step of 2 fs [66] . The temperature of the system was set at 315 K. For each of the binding model, three molecular dynamics simulations were initiated with different initial velocities for the atoms to sample a larger phase space. The stabilities of the complexes were then monitored by calculating the RMSD of the backbone atoms as shown in Figures S3I-S3L .
MM/PBSA calculation to estimate the binding affinity was performed as previously described [67, 68] . The detailed calculation was described in Quantification and Statistical Analysis.
Real-Time RT-PCR Analyses
Real-time RT-PCR using first-strand cDNA synthesized from independently isolated RNA samples, which were prepared using RNeasy Plant Mini Kit (QIAGEN, USA). Two micrograms of total RNA was converted into cDNA. Each cDNA was diluted 4 times, and 1 mL of cDNA was used for 40 cycle three-step qRT-PCR. The mean value of six replicates was normalized using EF1a. The EF1a gene (forward primer, 5 0 -TGAGCACGCTCTTCTTGCTTTCA-3 0 ; reverse primer, 5 0 -GGTGGTGGCATCCATCTTGTTACA-3 0 ) was used as a control for RT-PCR experiments. AtPRF1 (forward primer, 5 0 -TCTCCTTCGTTACCG AGTTTGAG-3 0 ; reverse primer, 5 0 -ACTCAATACATATGGA GAAAAAAGAT-3 0 ), AtPRF2 (forward primer, 5 0 -CTGCCATGTATTGTGATTTGATTG-3 0 ; reverse primer, 5 0 -GAGAGGATCAAAACCATA ACAAATAT-3 0 ) and AtPRF3 (forward primer, 5 0 -TAAGTCTGCCACGACATGTTT-3 0 ; reverse primer, 5 0 -TTGCCACACACTCACTC ACT-3 0 ). RT-PCR was performed using KAPA SYBR FAST qPCR Master Mix (KK4601) on BioRad CFX96 according to the manufacturer's instructions.
Polyclonal Antibody Production
Synthetic peptide (CMPLPHTHSLVVSTLSLEHSDKPQRRSRAKVKKKKKTN) was conjugated to an immunogenic carrier Keyhole Limpet Hemocyanin (KLH). A standard 65-day rabbit immunization protocol was performed (Genemed Synthesis Inc. USA). The rabbit antiserum was collected after seven weeks (after 4 th injection), the 10 th week, and 10 days after the last immunization. The antiserum was used in the specific detection of Arabidopsis AtPRF3.
Flood-inoculation Method
Twelve-day-old Arabidopsis seedlings were chosen to do the Pseudomonas syringae pv. tomato DC 3000 (Pst DC3000) flood-inoculation assay. To get the uniform inoculation, bacteria were harvested and resuspended into 40 mL of 0.025% Silwet L-77 (bioWORLD, USA), containing 10 mM MgCl 2, to a final concentration at 5 3 10 6 CFU/mL. The inoculum was dispensed into the 1/2 MS plate containing Arabidopsis seedlings and the plates were incubated for 3 min at room temperature. Then the bacteria were removed by decantation and the plates were sealed with 3M Micropore Surgical Tape (3M United States). The plates were incubated at 22 C in the long-day growth chamber (16h light/ 8h dark). Images of bacteria infected plants were taken at the indicated time points (0, 1, 2, 3 and 4 dpi) by a Canon camera (EOS 700D).
MM/PBSA calculation analysis
In MM/PBSA calculation, the binding energy is defined as: E binding = E vdW + E elec + E polar + E apolar À TDS Where, E vdW and E elec are van der Waal's interaction and electrostatic interaction energies, respectively, both of which are obtained from molecular dynamics simulation. E polar is the polar solvation energy estimated through Poisson Bolzmann continuum solvent model. E apolar is the apolar solvation energy estimated by using the Solvent Accessible Surface Area (SASA) model. Lastly, T is the temperature of the system and DS is the solute entropy. To estimate the binding energy, MM/PBSA calculation was applied without considering the solute entropy. There are mainly two considerations, the rigidity of polyP ligand and the disadvantages of using entropy calculation, including its inaccurate and computationally challenging. We used the software g_mmpbsa for the calculation [73] [74] [75] [76] .
Statistical Analysis
All statistical analyses were performed using GraphPad Prism software (GraphPad, San Diego, CA, USA). P values were determined by two-tailed Student's t test assuming equal variances (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns = no significant). Error bars indicate standard deviation (SD).
